Activation of the mammalian target of rapamycin (mTOR) signaling pathway is aberrant in autosomaldominant polycystic kidney disease (ADPKD). The mTOR inhibitors, such as rapamycin, ameliorate PKD in rodent models, but clinical trials have not shown benefit, possibly as a result of low tissue concentrations of rapamycin at clinically tolerable doses. To overcome this limitation, we synthesized a folate-conjugated form of rapamycin (FC-rapa) that is taken up by folate receptor-mediated endocytosis and cleaved intracellularly to reconstitute the active drug. We found that renal cyst-lining cells highly express the folate receptor in ADPKD and mouse models. In vitro, FC-rapa inhibited mTOR activity in a dose-and folate receptor-dependent manner. Treatment of a PKD mouse model with FC-rapa inhibited mTOR in the target tissue, strongly attenuated proliferation and growth of renal cysts and preserved renal function. Furthermore, FC-rapa inhibited mTOR activity in the kidney but not in other organs. In summary, these results suggest that targeting the kidney using FC-rapa may overcome the significant side effects and lack of renal efficacy observed in clinical trials with mTOR inhibitors in ADPKD.
Autosomal-dominant polycystic kidney disease (ADPKD) is a prevalent genetic disease affecting 12 million people worldwide. 1 Mutations in the PKD1 or PKD2 genes lead to excessive proliferation, renal epithelial cyst formation, and fibrosis that cause progressive destruction of normal renal tissue and eventually loss of kidney function. 2 Currently, no treatment for ADPKD is available, and most patients eventually require lifelong dialysis or kidney transplantation. We 3,4 and others [5] [6] [7] [8] [9] [10] [11] have demonstrated that the mammalian target of rapamycin (mTOR) pathway is hyperactivated in PKD rodent models and human ADPKD. Furthermore, treatment of PKD rodent models with mTOR inhibitors, such as rapamycin, greatly improves the cystic phenotype. [5] [6] [7] [8] [9] [10] [11] Because mTOR inhibitors have already been in clinical use as immunosuppressant drugs, these studies rapidly led to several clinical trials to determine whether they are effective in patients with APDKD. [12] [13] [14] Unfortunately, although not yet fully conclusive, the results of these trials have been largely disappointing. No significant clinical benefits were observed within the duration of treatment. [15] [16] [17] [18] [19] [20] One likely reason for the negative outcome in clinical trials compared with the strong efficacy in animal models is that the drug doses used clinically were relatively lower than the much higher doses in animals. Evidence suggests that the doses of rapamycin commonly used for immunosuppression are insufficient for significant inhibition of mTOR in the human kidney. 21 Because a large fraction of patients with ADPKD in these trials reported significant undesirable systemic side effects, which have long been recognized in transplant patients, treatment with higher doses of mTOR inhibitors is not feasible to achieve efficacy. However, an alternative approach would be to target an mTOR inhibitor to the kidney in order to achieve a tissue-specific effect while avoiding, or significantly reducing, systemic side effects.
We have previously demonstrated the concept of targeted drug delivery by folate receptor (FR)-mediated endocytosis. 22, 23 In these studies, targeted delivery is achieved due to the high overexpression of the FR in many cancer cells compared with most normal cells, which allows for the delivery of folateconjugated drugs to cancer cells with minimal effect on other tissues. By chemical synthesis, folate can be coupled to drugs using a cleavable linker. This permits the cellular uptake of folate conjugates by FR-mediated endocytosis followed by subsequent cleavage and cytoplasmic release of the drug cargo. Using this technology, we have engineered several folateconjugated compounds, some of which are in clinical trials. 22 Experiments using a folate-conjugated imaging agent followed by whole-body visualization revealed that the imaging agent was effectively targeted to the kidney in addition to cancer cells, 24 an observation supported by the high level of folate receptor expression in renal tissue. 25 The FR is known to be highly expressed primarily on the apical membranes of proximal tubule cells, where it functions as a salvage mechanism to prevent the wasteful excretion of filtered folates. Thus, filtered folates are captured by the proximal tubule FRs and then transcytosed to the basolateral membrane, where they are released back into circulation. 26, 27 These data suggested that folate-conjugated drugs may be useful as kidney-specific therapeutics, especially in the context of renal disorders, such as ADPKD.
To test this hypothesis, we have synthesized a folateconjugated form of rapamycin designated EC0371, hereafter referred to as FC-rapa, and tested its ability to inhibit mTOR pathway activity and alleviate renal cystic disease. Using in vitro experiments, we demonstrate that FC-rapa inhibits mTOR pathway activity in a dose-and FR-dependent manner. Furthermore, we show that FC-rapa inhibits mTOR activity and significantly improves the renal cystic phenotype in a mouse model of PKD. Finally, we show that in vivo administration of FC-rapa in adult animals results in inhibition of mTOR in the kidney with reduced systemic effects. These results suggest that folate-conjugated drugs may prove useful for targeted drug delivery to the kidney and that FC-rapa may be promising for treatment of patients with ADPKD.
RESULTS

Expression of the FR in Normal and Cystic Renal Tissue
To determine whether FR expression is maintained in polycystic kidneys, we analyzed renal specimens from human ADPKD and two PKD mouse models by immunohistochemistry. As shown in Figure 1 , all ADPKD specimens and kidneys from the orpk-rescue and bpk mouse models exhibit strong immunostaining for FR. Both normal tubules and cyst-lining epithelial cells are FR positive. Signal intensities were quantified and found to be similar to those in human serous ovarian cancer specimens (Supplemental Table 1 ), which has previously been shown to be strongly FR positive. 28 These results indicate that FR is highly expressed in renal cysts and thus may allow the targeting of folate-conjugated drugs to the appropriate cells.
Development and Synthesis of FC-Rapa (EC0371) Consistent with previously described folate-drug conjugates, 22 FC-rapa was constructed in modular form to contain one folic acid-targeting moiety with a hydrophilic pentapeptide spacer extended off its gamma glutamyl residue, and coupled to the rapamycin drug payload via a disulfide-based, self-immolative linker system (see Figure 2A ).
FC-Rapa Inhibits mTOR Pathway Activity in FR-Positive, but Not FR-Negative, Cells To determine whether FC-rapa is capable of inhibiting the mTOR pathway in vitro, we used folate-adapted KB cells, which express high cell surface levels of FR. 25 In contrast, MDCK cells do not express the FR 29 (Endocyte, Inc. Unpublished observations). Untreated cells exhibit phosphorylation of S6 kinase and its downstream substrate, S6, which are well accepted surrogate markers of mTOR pathway activity ( Figure  2B ). As expected, treatment of both KB and MDCK cells with unconjugated rapamycin inhibits phosphorylation of S6 kinase and S6. Similarly, incubation of KB cells with FC-rapa also inhibits phosphorylation of S6 kinase and S6 in a dosedependent manner. In contrast, mTOR pathway activity was unaffected by FC-rapa in MDCK cells, even at the highest dose tested ( Figure 2B ). To further test whether the effect of FC-rapa depends on FRmediated endocytosis, we conducted folate competition experiments. Treatment with 10 nM FC-rapamycin and 10 nM rapamycin results in similar levels of mTOR inhibition in KB cells over the same period (Supplemental Figure 1) . Pretreatment of KB cells with 100 mM folate prevents mTOR pathway inhibition by FC-rapa, but not by unconjugated rapamycin ( Figure  2C and Supplemental Figure 2 ). Altogether, these results indicate that FC-rapa is specifically taken up by FR-mediated endocytosis and that FC-rapa is converted intracellularly to the active drug, which achieves effective mTOR inhibition.
FC-Rapa Alleviates the Renal Cystic Phenotype in a Mouse Model of PKD
We have shown previously that treatment of bpk mutant mice with rapamycin results in significant alleviation of the renal cystic phenotype. 3 Therefore, we used this PKD mouse model to test the possible in vivo efficacy of FC-rapa. Animals were treated from postnatal days 7 to 21 with 3 mmol of FC-rapa per kg per day or vehicle. Administration of FC-rapa significantly inhibits renal enlargement ( Figure 3A ) and cyst growth ( Figure 3B ) in bpk mutant animals and results in large decreases in kidney weight ( Figure 3C ), cystic area ( Figure  3D ), and cell proliferation ( Figure 3E ). Analysis with nephron segment markers revealed that FC-rapa treatment primarily inhibits the growth of cysts of distal and collecting tubule origin in bpk mutant animals (Supplemental Figure 3) . BUN levels of FC-rapa-treated bpk mutant animals were greatly reduced to levels identical to those of wild-type controls, indicating that kidney function was fully preserved ( Figure  3F ). These results suggest that FC-rapa is as effective as unconjugated rapamycin in inhibiting proliferation and renal cyst growth in this PKD mouse model.
FC-Rapa Inhibits Renal mTOR Activity
To examine whether the observed strong beneficial effect of FC-rapa is due to inhibition of renal mTOR pathway activity, we determined the level of phospho-S6 (P-S6), a surrogate marker of mTOR activity. P-S6 is highly upregulated in bpk mutant compared with wild-type kidneys, and treatment of bpk mutant mice with FCrapa results in nearly complete inhibition of P-S6 ( Figure 4A ). Immunofluorescence microscopy revealed that P-S6 is highly activated in cyst-lining epithelial cells, whereas wild-type renal epithelial cells exhibit minimal staining ( Figure 4B ). FC-rapa treatment nearly completely eliminates any detectable P-S6 staining in remaining cysts of bpk mutant kidneys ( Figure 4B ). These results suggest that FC-rapa is mediating its therapeutic effect via inhibition of mTOR activity in cyst-lining epithelial cells.
Establishment of an Effective and Tissue-Specific Dose of FC-Rapa
Although treatment of bpk mutant mice with FC-rapa was highly effective in reducing renal cyst growth and preserving renal function, this dose also caused significant retardation of body growth and thymus weight in both mutant and wild-type animals (Supplemental Figure 4, A and B) . The bpk mouse model is notably an early-onset PKD model, and these mice are actively growing during the treatment period (postnatal days 7-21). It is therefore likely that tissue FR expression is (B) The mTOR pathway is inhibited in FR-positive KB cells and not FR-negative MDCK cells, as assessed by immunoblotting using the surrogate downstream markers P-S6K (Thr389) and P-S6 (Ser235/6). Cells were treated with the indicated concentrations of FCrapa or unconjugated rapamycin for 16 hours. (C) Pretreatment of KB cells with excess folate prevents FC-rapa, but not unconjugated rapamycin, from inhibiting mTOR pathway activity, as assessed by immunoblotting using a P-S6 (Ser235/6) antibody. much more widespread in these young, growing animals than in adult animals. 30 To further test this hypothesis, we determined the activation status of the mTOR pathway in tissue lysates by Western blotting. Liver and spleen of both mutant and wild-type mice treated with FC-rapa, 3 mmol/kg per day, exhibited a significant reduction in P-S6 levels compared with nontreated controls (Supplemental Figure 4D) . These results suggest that FC-rapa is taken up in tissues other than the kidneys in these young, growing animals.
Previous studies using the folateconjugated imaging agents 99m Tc-EC20 24 and 111 In-DTPA-folate 31 have demonstrated that they are significantly taken up only in kidneys of normal adult mice, not in other tissues and organs. Because any therapeutic approach for patients with ADPKD would be relevant only for adult patients, we next tested the ability of FC-rapa to inhibit mTOR pathway activity in different tissues in adult mice. Since mTOR activity is typically low in most normal adult tissues, we used short-term LPS treatment 32 as a method to stimulate mTOR activity (Supplemental Figure 5 ). Animals were pretreated with different doses of FC-rapa or unconjugated rapamycin, followed by short-term LPS treatment. As shown in Figure 5 , an FC-rapa dose of 0.3 mmol/kg per day inhibited LPS-induced mTOR pathway activity in the kidney but not the spleen. In contrast, the same dose of unconjugated rapamycin inhibited mTOR activity in both the kidney and the spleen. These results suggest that treatment with this dose of FC-rapa leads to preferential uptake in the kidneys of adult mice compared with the systemic effect of unconjugated rapamycin.
To test whether the 10 times lower dose of FC-rapa (i.e., 0.3 mmol/kg per day) is still effective in inhibiting renal cyst growth, we treated bpk animals with this dose. As shown in Figure 6 , the therapeutic efficacy of this dose was somewhat less than that of treatment with the higher dose. However, the lower dose still significantly reduced renal cyst growth ( Figure 6A ) and renal weight ( Figure 6B) , and it largely preserved renal function as measured by BUN ( Figure 6C ) compared with nontreated mutant animals. FC-rapa at this low dose effectively inhibited renal mTOR pathway activity in bpk mutant mice to levels similar to those in wild-type mice ( Figure 6D ). In contrast, this dose of FC-rapa did not significantly affect the body weight or thymus weight (Supplemental Figure 6 ). Altogether, these results suggest that treatment with the appropriate dose of FC-rapa can result in kidney-specific inhibition of the mTOR pathway, leading to strong reduction in renal cyst growth and preservation of renal function.
DISCUSSION
Although mTOR inhibitors have probably been the most robust and effective therapeutics in preclinical trials using PKD rodent models, 33 recent results from clinical trials have been disappointing. The mTOR inhibitor rapamycin is an exquisitely specific drug that does not appear to affect molecular targets other than mTOR. 34 Any effects and side effects of rapamycin are probably due to mTOR inhibition in various tissues. For example, the immunosuppressive effect is thought to be due to mTOR inhibition in T and B cells, presumably in the thymus, spleen, lymphatic system, and other tissues. Immunosuppression, inhibition of wound healing, and other side effects are highly undesirable in any mTOR inhibitorbased therapy for ADPKD. Because treatment with tolerable doses of mTOR inhibitors appears to be largely ineffective in patients with ADPKD, and because doses cannot feasibly be increased, the only way forward would be to target the drug specifically to the affected tissue.
Our results suggest that targeting of rapamycin to the FR is a promising avenue to specifically affect the pathology of PKD. Both polycystic and normal kidneys express FR at high levels, and both sites appear to preferentially accumulate FCrapa. One reason that drug targeting via the FR provides a high level of tissue specificity is that folate uptake is accomplished not only by FR but also by a folate carrier. In contrast to the more restricted expression of FR, the folate carrier is widely expressed and does not take up folate-conjugated drugs. 23 Therefore, FC-rapa is not expected to affect cells that depend on the folate carrier. Tissues with the highest expression levels of FR are various tumors, kidneys, and (in this study) polycystic kidneys. Therefore, these tissues and organs are expected to be most sensitive to FC-rapa. In addition to this layer of specificity, it is important to point out that any uptake of FC-rapa by normal renal tubule cells in polycystic kidneys may be expected to be largely inconsequential. The reason is that normal renal tubule cells exhibit extremely low or undetectable mTOR activity (see Figure 4) 3, 4 and that treatment of normal animals even with high doses of rapamycin or for very long duratio does not appear to affect normal renal structure or function. 3, 4, [35] [36] [37] [38] We showed previously that rapamycin treatment in PKD mouse models led to apoptosis of cyst-lining cells but not of adjacent, normal tubule cells. 3, 4 Therefore, even if FC-rapa were equally targeted to both cystic and normal renal epithelial cells, one would expect a specific effect only against the cystic cells. . Low-dose FC-rapa treatment causes tissue-specific mTOR inhibition in the kidney. Adult wild-type mice were treated for 3 days with the indicated doses (in mmol/kg per day) of FCrapa or unconjugated rapamycin followed by immunoblotting of total kidney or spleen tissues. Treatment with FC-rapa, 0.3 mmol/ kg per day, results in specific mTOR pathway inhibition in the kidney but not the spleen.
Unconjugated rapamycin and FC-rapa appear to be similarly efficacious with regard to their beneficial effect in the same PKD mouse model. We have previously treated bpk mice with rapamycin, 5.5 or 1.8 mmol/kg per day (i.e., 5 or 1.67 mg/kg per day), 3 using otherwise identical timing and injection site, as in the present study. These doses of rapamycin, and both the 3-and 0.3-mmol/kg per day doses of FC-rapa, are clearly significantly effective. By their chemical nature, rapamycin and FC-rapa are very different and are expected to exhibit rather different pharmacologic properties. We therefore cannot directly compare their efficacy on a mole-by-mole basis.
This study suggests that one limitation of drug targeting by folate-conjugated compounds may be that young, growing mice may take up the compounds relatively nonspecifically, possibly resulting in multiple effects on nontarget tissues and organs. This is not unexpected because folate is absolutely required for DNA synthesis by rapidly dividing cells. 30, 39 Although it is unclear how these preclinical observations might translate to infants and children, most patients with ADPKD would not require treatment with FC-rapa until well into adulthood; therefore, any assumed limitation would probably be irrelevant. Of note, many previous studies with other folate-conjugated compounds have shown that their effects are rather specific to FR-expressing diseased tissues without exerting appreciable off-target effects. 22, 40 Our findings suggest that, in addition to ADPKD, the targeting of folate-conjugated compounds to kidneys may be a useful approach for numerous other renal epithelial disorders. As long as the high expression level of the FR is maintained in the diseased target cells, it may be possible to achieve specific drug delivery.
Altogether, we have combined rapamycin, a drug with exquisite molecular target specificity, with a delivery method that provides specificity for the target tissue. Our results suggest that this approach may help overcome the problems encountered in clinical trials with mTOR inhibitors for the treatment of ADPKD. Compared with unconjugated rapamycin, FC-rapa is expected to exhibit reduced off-site toxicity without loss of efficacy in the targeted organ.
CONCISE METHODS
EC0371 Synthesis
EC0371 was synthesized by following known protocols, as described in an earlier publication. 41 In brief, commercially available rapamycin was first converted into a pyridinyldisulfanyl-activated derivative while reacted with the heterobifunctional cross-linker 2-[benzotriazole-1-yl-(oxycarbonyloxy)-ethyldisulfanyl]-pyridine. The product was then reacted with the peptidic-based "folate-spacer" unit, pteroyl-gGlu-Asp-Arg-Asp-Asp-Cys. The resulting conjugate was purified by preparative HPLC. Clean product fractions were combined, lyophilized, and characterized by 1 H-nuclear magnetic resonance and liquid chromatography/mass spectrometry.
Immunohistochemistry
Standard paraffin sections were subjected to immunostaining using a monoclonal antibody against human FRa (mAb-343/3D2; Endocyte, Inc.) or an affinity-purified, rabbit polyclonal antibody raised against bovine milk folate binding protein (PU-17; Endocyte Inc.). A common scoring system was used, where 0 is the staining equivalent to background (relative to isotype-stained controls) and 3+ is the most intensive staining.
Antibodies
All primary antibodies used in this study were obtained 
Folate Competition Assays
KB cells were pretreated with 100 mM folic acid for 30 minutes, followed by a 5-hour incubation with 100 mM folic acid and 10 nM of FC-rapa or unconjugated rapamycin. Cells were subsequently washed with folate-and drug-free RPMI media and then chased for an additional 19 hours before analysis.
Animal Studies
Animal studies were approved by the Institutional Animal Care and Use Committee and adhered to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The bpk animal model of PKD has been described previously. 3, 42, 43 Briefly, mice were treated with various doses of FC-rapamycin or rapamycin, administered via intraperitoneal injections, from day 7 to day 21 before animal euthanasia and analysis.
Supplemental Figure 1 : Dose response study of mTOR pathway inhibition by FC-rapa and unconjugated rapamycin in KB cells. KB cells were incubated for 5 hours with the indicated concentrations of FC-rapa or unconjugated rapamycin prior to immunostaining with P-S6 (Ser235/6) antibodies followed by immunofluorescent detection (green).
Supplemental Figure 2 : Inhibition of mTOR pathway activity is dependent on FR expression. Pretreatment of KB cells with excess folate prevents FC-rapa, but not unconjugated rapamycin, from inhibiting mTOR pathway activity as assessed by immunofluorescence microscopy using a P-S6 (Ser235/6) antibody (green). Nuclear stain (DAPI) in blue. Adult wild-type mice were treated for two hours with the indicated doses of LPS prior to sacrifice and analysis of mTOR activity by western blot analysis. Note that an LPS dose of 25mg/kg robustly stimulated mTOR pathway activity in the kidney, spleen, thymus, and lung as measured by the surrogate marker P-S6 (S235/6).
Supplemental
Supplemental Figure 6 : Low-dose FC-rapa lacks systemic effects. Treatment of young wild-type mice (day 7 -21) with low dose (0.3 µmol/kg/day) FC-rapa had no significant effect on body weight gain (A) or thymus weight (B) compared to mice treated with low dose (0.3 µmol/kg/day) unconjugated rapamycin.
Supplemental Table 1 : Folate receptor expression is retained in renal cysts. Standard paraffin sections were subjected to immunostaining using a monoclonal antibody against human FR! (mAb-343/3D2; Endocyte, Inc.) or an affinity-purified, rabbit polyclonal antibody raised against bovine milk folate binding protein (PU-17; Endocyte, Inc.). A common scoring system was used, where 0 is the staining equivalent to background (relative to isotype-stained controls), and 3+ is the most intensive staining. Human serous ovarian cancer (OVCA)
